Differentiation of mammalian pluripotent cells involves large-scale changes in transcription and, 25 among the molecules that orchestrate these changes, chromatin remodellers are essential to 26 initiate, establish and maintain a new gene regulatory network. The NuRD complex is a highly 27 conserved chromatin remodeller which fine-tunes gene expression in embryonic stem cells. While 28 the function of NuRD in mouse pluripotent cells has been well defined, no study yet has defined 29 NuRD function in human pluripotent cells. We investigated the structure and function of NuRD in 30 human induced pluripotent stem cells (hiPSCs). Using immunoprecipitation followed by mass-31 spectrometry in hiPSCs and in naive or primed mouse pluripotent stem cells, we find that NuRD 32 structure and biochemical interactors are generally conserved. Using RNA sequencing, we find that, 33 whereas in mouse primed stem cells and in mouse naïve ES cells, NuRD is required for an 34 appropriate level of transcriptional response to differentiation signals, hiPSCs require NuRD to 35 initiate these responses. This difference indicates that mouse and human cells interpret and 36 respond to induction of differentiation differently. 37 38 Graphical Abstract 39 40 NuRD acts like a conductor in an orchestra. A. In the presence of NuRD (pink blob figure, centre) 41 differentiation occurs in an ordered fashion in both mouse (left) and human (right) ES cells. Gene 42 expression changes in both cell types are tightly controlled with down-regulation of pluripotency 43
Introduction 54
The identity of a eukaryotic cell is ultimately determined by its transcriptional output. The 55 process by which cells transition from one state to another is therefore necessarily subject to tight 56 transcriptional controls. For example, during development, in the absence of changes in external 57 cues, transcriptional programs must remain stable for the identity of that cell to be maintained. 58
Upon changes in external signals, transcription of some genes must be downregulated while that of 59 others must be increased and this results in a change in cellular identity. The mechanisms which act 60 either to maintain or change the expression state of a cell therefore underlie the ordered 61 progression of transitions that occur throughout embryonic development. Failure of regulation of 62 these gene expression patterns can prevent successful execution of developmental decisions, 63 leading to developmental abnormalities, tumourigenesis or death. A comprehensive understanding 64 of how cells control transcription during cell fate decisions is therefore critical for fields where it is 65 desirable to control or instruct cell fate decisions, such as in regenerative medicine or cancer 66 biology. 67
The ability of cells to activate or repress transcription relies largely on the conformation of 68 the chromatin in which these genes reside. A set of chromatin remodelling complexes function to 69 alter the structure of chromatin at regulatory elements to control gene expression (Hota & Bruneau, 70 2016) . One such complex in particular, the NuRD (Nucleosome Remodelling and Deacetylation) 71 complex, is important for cells to undergo the changes in identity associated with the exit from 72 pluripotency (Burgold, The NuRD complex is a highly conserved multiprotein chromatin remodeller initially defined as a 74 transcriptional repressor (Tong, Hassig et al., 1998 , Wade, Jones et al., 1998 , Xue, Wong et al., 1998 , 75 Zhang, LeRoy et al., 1998 . NuRD activity facilitates cell fate transitions in a range of different 76 organisms and developmental contexts (Signolet & Hendrich, 2015) . The complex combines two 77 enzymatic activities: class I lysine deacetylation, encoded by the Histone Deacetylase (Hdac) 1 and 78 2 proteins, with the Swi/Snf-type ATPase and nucleosome remodelling of the Chromodomain 79 Helicase DNA binding protein 4 (Chd4). This complex also contains histone chaperone proteins 80 Rbbp4 and 7, one of the zinc-finger proteins Gatad2a or Gatad2b, two MTA proteins (Mta1, Mta2, 81 and/or Mta3), Cdk2ap1 and Mbd2 or Mbd3 (Allen, Wade et al., 2013 , Kloet, Baymaz et al., 2015 Mohd-Sarip, Teeuwssen et al., 2017). Mbd3 is known to be required for lineage commitment of 83 pluripotent cells and is essential for early mammalian development (Kaji et al., 2006 , Kaji, Nichols 84 et al., 2007 . Structural and genetic work has found that Mbd3 physically links two biochemical and 85 functional NuRD subcomplexes: a remodelling subcomplex containing Chd4, the Gatad2 protein and 86 Cdk2ap1; and a histone deacetylase subcomplex containing the Hdac, the Rbbps and the Mta 87 proteins (Burgold et al., 2019 , Low, Webb et al., 2016 , Zhang, Aubert et al., 2016 . Mbd3 thus acts 88 as a molecular bridge between these subcomplexes and maintains the structural integrity of NuRD. 89 In mouse ESCs (mESCs) Mbd3/NuRD activity modulates the transcription of pluripotency-90 associated genes, maintaining expression within a range that allows cells to effectively respond to 91 differentiation signals (Bornelöv, Reynolds et al., 2018 , Reynolds et al., 2012a . Despite profound 92 developmental defects, Mbd3 deficiency in mESCs results in only moderate gene expression 93 changes, with the majority of genes changing by less than two-fold. Rather than turning genes on 94 or off, Mbd3/NuRD activity serves to fine-tune gene expression in mESCs (Bornelöv et al., 2018) . 95
Although this amounts to many small transcriptional changes, the cumulative effect of this is 96 nevertheless a profound phenotype: the inability of pluripotent cells to undergo lineage 97 commitment. While the function of Mbd3/NuRD in mouse pluripotent cells has been well defined, 98
no study yet has defined NuRD function in human pluripotent cells. 99
Human and mouse ESCs can both be derived from the inner cell mass (ICM) of pre-100 implantation epiblasts. Yet the cell lines that emerge after culturing differ in transcriptomic, 101 epigenetic, and morphological features (Nichols & Smith, 2009 ). mESCs show early developmental 102 characteristics such as the expression of pluripotency genes, DNA hypomethylation and the activity of both X chromosomes in females. Conventional human ESCs (hESCs) are developmentally more 104 advanced and resemble murine post-implantation epiblast or mouse epiblast stem cells (mEpiSCs), 105 and thus are considered to be primed pluripotent (Brons et al., 2007; Tesar et al. 2007) . In this study 106 we investigated the function of the NuRD complex in human primed pluripotent stem cells (hiPSCs), 107 and compared this to its function in mEpiSCs. We find that while MBD3/NuRD is required in both 108 systems for cells to properly undergo lineage commitment, the way in which this function is exerted 109 appears different. Whereas in mouse primed stem cells, as in naïve mESCs, NuRD is required for an 110 appropriate level of transcriptional response to differentiation signals, human cells require NuRD 111 activity to initiate these transcriptional responses. This difference in the transcriptional 112 consequences upon loss of an orthologous protein in two different mammalian pluripotent stem 113 cell types indicates that mouse and human cells interpret and/or respond to induction of 114 differentiation differently. 115 116
Results

117
NuRD complex structure is conserved in mouse and human pluripotent stem cells 118
In order to characterise human NuRD, we used genome editing to insert coding sequence for a 119 3xFLAG epitope immediately upstream of the stop codon of one endogenous MBD3 allele in human 120 iPS cells ( Fig. S1A, B ). An equivalent C-terminally tagged murine endogenous MBD3 protein shows 121 genomic localisation identical to that found for wild type MBD3 protein in mouse ES cells, and 122 supports normal embryonic development in mice (Bornelöv et al., 2018) . Biochemical isolation of 123 MBD3/NuRD in MBD3-3xFLAG hiPSCs, or in mEpiSCs containing an identically modified Mbd3 allele, 124 followed by mass spectrometry identified all known components of NuRD in both systems ( Fig 1A,  125 B). A number of interacting proteins were also purified at much lower stoichiometries than was seen 126 for core NuRD components. Comparison of mass spectrometry data between hiPSCs, mEpiSCs and 127 mouse naïve ES cells (using MTA1-3 proteins for NuRD purification: (Burgold et al., 2019) ) showed 128 that most interacting proteins identified in human cells also interact with mouse NuRD ( Fig 1C) . Two 129 cell-type specific interactors are VRTN and ZNF423, both of which are not expressed in naïve ES cells, 130 but are found interacting with NuRD in primed PSCs (mEpiSCs and hiPSCs; Fig 1C) . Two nuclear 131 proteins were identified interacting with human NuRD that were not significantly enriched in the 132 mouse datasets: PGBD3 and BEND3. PGBD3 is a transpose-derived protein expressed as a fusion 133 with ERCC6 not present in mice (Newman, Bailey et al., 2008) , but previously reported to interact 134 with NuRD components in human cells (Hein, Hubner et al., 2015) . Although not significantly 135 detected in our mouse NuRD purifications, BEND3 has previously been shown to recruit NuRD to 136 major satellite repeats in mouse cells (Saksouk, Barth et al., 2014) . WDR5, ZNF296 and ZNF462 were 137 identified interacting with mouse NuRD as described ( human cells ( Fig 1C) . We therefore conclude that NuRD structure and biochemical interactors are 140 generally conserved between mouse and human PSCs. 141
We next asked what function was played by MBD3/NuRD in human PSCs. To this end we used 142 CRISPR/Cas9-mediated gene targeting to create an MBD3-KO iPSC line ( Fig. 2A ; Fig S1C) . 143
Immunoprecipitation with the remodelling subunit of NuRD, CHD4, allowed for purification of other 144 complex components in wild type cells, but not in the MBD3-KO cells, indicating that human NuRD 145 does not form without MBD3 ( Fig 2B) . Interactions between CHD4 and other NuRD components 146 were restored when an MBD3 transgene was overexpressed in the null cells ("Rescue" , Fig 2A,B) , 147 indicating that the transgenic MBD3 is sufficient for NuRD formation as it is in mESCs (Bornelöv et To determine whether human NuRD is required for lineage commitment of pluripotent cells, 171 wild type, mutant and Rescued hiPSCs were induced to differentiate towards a neuroectodermal 172 fate or a definitive endoderm fate (see Methods). After 20 days of neuroectodermal differentiation, 173 axon-like extensions were readily identifiable in wild type and Rescue cultures ( Fig. 2C ). In contrast, 174 no such appendages were found in MBD3-KO cultures, indicating a requirement for MBD3/NuRD 175 for successful completion of this differentiation process. All three cell lines showed a decrease in 176 expression of pluripotency markers across both differentiation protocols, indicating that NuRD is 177 not required for PSC to respond to differentiation signals ( Fig. 2D, E) . MBD3-KO cells failed to 178 properly induce expression of some lineage-appropriate genes in both differentiation protocols, but 179 this ability was restored upon rescue with the MBD3 transgene ( Fig. 2D , E). While NuRD is therefore 180 required in human cells to faithfully maintain a self-renewing state, it is also required for appropriate 181 lineage determination in these two differentiation protocols. 182
Figure 2. Human iPS cells lacking MBD3/NuRD fail to undergo programmed differentiation. A) 184
Western blot of nuclear extracts from wild type (WT), MBD3-KO and MBD3-KO hiPSCs rescued with 185 an MBD3-3xFLAG transgene ("Rescue"). The blot was probed with antibodies indicated at left. The 186 WT
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In p u t C H D 4 Ig G differentiation. B) Heat map of genes found to be differentially expressed between WT and MBD3-219 KO cells in self-renewing conditions (day 0; FDR 5%). C) GO terms associated with genes significantly 220 activated (open bars) or repressed (filled bars) in MBD3-KO cells relative to WT hiPSCs in self-221 renewing conditions. 222 223 genes showed terms related to pluripotency ( Fig 3C, Table S1 ) consistent with a failure to maintain 224 a stable pluripotent state in the absence of MBD3/NuRD. Expression profiles of pluripotency 225 markers (NANOG, TDGF1, FOXD3 and FGF2) showed a significant down-regulation in mutant 226
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cultures when compared to the WT or Rescue cells (Table S1 ). The 246 up-regulated genes showed 227 enrichment for terms related to the development of different lineages ( Fig 3C, Table S1 ). Given that 228 Cluster 1 is composed of 403 genes down-regulated during normal differentiation (Fig. 4A,  244 B; Table S2 , S3 and S4). These genes were generally underexpressed in MBD3-KO hiPSCs, yet become 245 further down-regulated as cells are subjected to differentiation conditions. This cluster includes 246 pluripotency-associated genes such as POU5F1, NANOG, FOXD3, TDGF1, FGF2, ZSCAN10, DPPA4 and 247 PRDM14, validating and extending our conclusion drawn from data shown in Fig. 3 that MBD3-KO 248 hiPSCs have a defect in maintaining the self-renewing state in standard conditions. Transcription 249 factor binding sites enriched within 10Kb of the TSS of genes in this cluster showed significant 250 enrichment of consensus binding sites for general transcription factors associated with activation 251 of pluripotency gene expression (i.e. MYC, ATF, CEBPB; Table 1) , consistent with a decrease in 252 expression of pluripotency-associated genes. This analysis additionally identified consensus binding 253 sites for SNAIL and ZEB1 (Table 1) Table S2 ). Cluster 5 contains only 27 genes which fail to be appropriately 267 silenced during differentiation in MBD3-KO cells, but show no significant enrichment with any GO 268 term, and genes in Cluster 6 show similar expression patterns in mutant and Rescue cells, and are 269 hence unlikely to contribute to the differentiation failure phenotype of MBD3-KO cells (Fig. S2) . 270
Genes in Clusters 2 and 4 are not associated with any specific TF binding sites, while Cluster 3 genes 271
show enrichment of binding sites for the general transcription factor SRF (Table 1) properly maintain the self-renewing state. To determine whether this was a difference between 283 human and mouse cells, or between naïve and primed pluripotent cells we next asked whether 284
NuRD was required to maintain the self-renewing state in mEpiSCs. Mbd3 -/-mEpiSCs were derived 285 in culture from Mbd3 -/-mESCs or by transient Cre expression in mEpiSCs derived from Mbd3 Flox/-286 mESCs (See Methods). Mbd3 -/-mEpiSCs derived through either method were indistinguishable, and 287 appeared uniformly undifferentiated (Fig. S3A) , indicating that the spontaneous differentiation seen 288 in hiPSCs does not reflect a general requirement for MBD3/NuRD to maintain primed PSC. 289
To further compare mouse and human primed PSC, gene expression was monitored across 290 a neural differentiation time course in both Floxed and Mbd3 -/-mEpiSCs by RNA-seq ( Fig. 5A ; Table  291 S5, S6 and S7). When the data are visualised using a multidimensional scaling plot (Chen, Lun, & 292 Smyth, 2016), each sample separates along PC1, representing time of differentiation, and PC2, 293 A0  A0  A0  A3  A3  A6  A6  A6  A12  A12  A12  B0  B0  B0  B3  B3  B3  B6  B6  B6  B12  B12  B12  C0  C0  C0  C3  C3  C3  C6  C6  C6  C12  C12 A0  A3  A3  A6  A6  A6  A12  A12  A12  B0  B0  B0  B3  B3  B3  B6  B6  B6  B12  B12  B12  C0  C0  C0  C3  C3  C3  C6  C6  C6  C12  C12 Table S4 and S5. 304 305 representing genotype (Fig 5B) . Control and Mbd3 -/cells occupy the same position along the 306 differentiation trajectory (PC1), consistent with our observation that mEpiSCs do not require 307 MBD3/NuRD to maintain a morphologically undifferentiated state. 308
As with the hiPSCs, we considered both the genotype and the time of differentiation in our 309 analysis and thus identified 699 differentially expressed genes. Co-expressed genes were grouped 310 using K-means clustering, resulting in 4 clusters showing similar expression profiles (Fig. 5C ). In 311 contrast to the human cells which generally showed a lack of transcriptional response to the 312 differentiation time course, clusters identified in mouse cells showed transcriptional responses, but 313 these responses differed from those in wild type cells (Fig. 5D ). Cluster 1 genes showed decreased 314 expression in wild type cells across the time course, but increased expression in Mbd3 -/cells. Genes 315 in clusters 2 and 4 also show increases in both wild type and mutant cells, but Cluster 2 genes 316 showed a reduced response in mutant cells, whereas cluster 4 genes showed an increased response. 317
Cluster 3 genes decreased in expression in mutant cells across the time course, but showed no 318 overall change in wild type cells. In all clusters the genes are associated with very general GO terms, 319 and are unlikely to represent individual pathways or developmental trajectories ( Fig. 5D ; Table S6  320 and S7). These data indicate that in mouse EpiSC Mbd3/NuRD is not strictly required for cells to 321 respond to differentiation signals as was seen in hPSC, but rather is required for an appropriate level 322 of response, as it is in naïve mESC (Burgold et al., 2019) . Rather than being required for the 323 clusters by K-means clustering. D) Mean expression and most significant GO terms for each cluster 328 as in Figure 4B . A full list of GO terms and pathways is available in Table S6 and S7, and expression 329 plots and GO terms associated with clusters 5 and 6 are shown in Fig. S2 . 330 331 transcriptional response to differentiation cues as in the human differentiation course, Mbd3/NuRD 332 functions in mouse primed PSC to facilitate an appropriate transcriptional response to neural 333 induction. 334
Despite the differences in NuRD-dependent gene regulation observed in mouse and human 335 primed PSC described thus far, we asked whether there could be a conserved core set of genes 336 regulated similarly in primed PSC from both species, which might contribute to the shared 337 requirement for NuRD in lineage commitment. Comparing gene expression datasets between the 338 human and mouse experiments (Fig. 6A) identified 153 genes, the orthologues of which were 339 differentially expressed in both human and mouse cells. K-means clustering using expression data 340 from the human cells segregated the genes into three main clusters ( Fig. 6 ; Table S8 ). Orthologues 341 defined in human clusters showed 3-4 different gene expression profiles in mouse cells (Table S10) , 342 generally showing a reduced or inappropriate transcriptional response in the absence of 343 Mbd3/NuRD (Fig. 6) . One exception is a subset of thirteen Cluster 2 genes (excluding Mbd3) which 344 are rapidly activated in wild type cells but fail to be activated in mutant cells across the time course 345 (human Cluster 2; corresponding mouse subcluster 1: Fig. 6 ; Table S10 ). Notably these genes are 346 underexpressed in mutant mEpiSCs in self-renewing conditions, but overexpressed in hiPSCs, 347 indicating that they are not regulated similarly in the two cell types. We therefore conclude that the 348 transcriptional consequences of Mbd3/NuRD loss are different in human versus mouse primed PSC, 349 but in both cases this activity is required for cells to properly undergo lineage commitment. 350 The absence of MBD3/NuRD activity in human cells results in a subset of these genes failing to 374 respond to the differentiation cues, while in mutant mouse PSC the response is present and 375 widespread, but often muted or inappropriate (Figs 4, 5) . NuRD activity is additionally required to 376 maintain the pluripotency GRN of hiPSCs cultured in self-renewing conditions, but neither primed 377 nor naïve mouse PSCs display this requirement ( Fig. S3A and (Kaji et al., 2006) ). We see no large-378 scale differences in the biochemical make-up of NuRD between human and mouse primed stem 379 cells, which would be consistent with the human and mouse complexes exerting similar, or identical 380 biochemical functions. The observed differences in the consequences of MBD3 deficiency are 381 therefore likely to result from subtle differences in how NuRD activity is used by the cells to respond 382 to changes in environment. 383
One example of how human and mouse cells respond differently to loss of MBD3/NuRD is in 384 regulation of the ZEB1/Zeb1 genes. ZEB1 is overexpressed in self-renewing human PSC and remains 385 high through the neural induction time course, whereas in mouse cells Zeb1 is underexpressed in 386 self-renewing cells and fails to be activated during the time course (Fig. S4 ). ZEB1 has been shown 387 to repress polarity and gap-junction genes associated with an epithelial morphology, promoting an 388 epithelial to mesenchymal transition (EMT) (Aigner, Dampier et al., 2007) . This function is required 389 for neural differentiation in vivo and from hESCs in culture (Jiang et al., 2018 , Singh, Howell et al., 390 2016 ). It is not surprising, then, that Human Cluster 1 genes, which show underexpression 391 throughout the differentiation time course in mutant cells and show enrichment for cell adhesion 392 genes (p = 2x10 -3 ; Table S4 and S5), are also enriched for ZEB1 DNA binding motifs ( Fig. 4B; Table 1 ). 393
In mouse cells, however, Zeb1 motifs were associated with the cluster of genes highly associated 394 with cell-cell junctions and showing inappropriately high expression levels at all time points (Cluster 395 1: Fig. 5D and Table 1) , consistent with aberrantly low expression of the Zeb1 repressor. While 396 transgenic overexpression of ZEB1 was reported to increase neural differentiation of hESCs (Jiang 397 et al., 2018) , it did not lead to precocious differentiation of self-renewing hESCs, and hence is 398 unlikely to be the principal factor behind the precocious differentiation seen in hiPSCs lacking MBD3. 399
It is possible that differences in transcriptional responses to differentiation in human and 400 mouse cells could be due to the fact that, unlike mouse cells, human PSC are unable to maintain a 401 stable self-renewing state in the absence of MBD3/NuRD, and are, in effect, responding to loss of 402 self-renewal conditions when they have already started to differentiate. One possible, trivial 403 explanation for this difference in the ability of mouse and human PSC to self-renew could be due to 404 differences in the constituents of media used for self-renewal culture. Both mEpiSC culture and hiPSC culture rely on FGF2 and activation of SMAD2/3 through addition of Activin or TGFb (Brons, 
